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Syringolin A: action on plants, regulation of biosynthesis, and
phylogenetic occurrence of structurally related compounds
Abstract
Syringolin A, the product of a mixed non-ribosomal peptide/polyketide synthetase, is secreted by 
Pseudomonas syringae pv. syringae under in planta conditions and is one of the molecular determinants
recognized by nonhost plant species. Spray application of syringolin A onto powdery mildew-infected
wheat and Arabidopsis has the remarkable effect of reprogramming epidermal cells that are colonized
by the powdery mildew fungi Blumeria graminis f. sp. tritici and Erysiphe cichoracearum, respectively,
in a compatible interaction to undergo hypersensitive cell death. No hypersensitive cell death is
observed if the compound is applied onto uninfected plants. Transcriptome analyses in wheat and
Arabidopsis with regard to powdery mildew inoculation and/or syringolin A spraying lead to a
hypothesis about how syringolin A may accomplish to induce the hypersensitive reaction (HR) in
colonized cells. The model is supported by transcriptome analyis of an Arabidopsis mutant in which HR
is not induced upon syringolin A spraying of powdery mildew-infected plants. Cloning of the syringolin
A synthetase genes has allowed us to build a detailed model of syringolin A synthesis based on the gene
structure. This model in turn enabled us to clone the genes responsible for the synthesis of glidobactins
(syn. cepafungins), antibiotics with a structure related to syringolin A that were reported to have
antitumor activity, from an unknown species belonging to the order Burkholderiales. Comparisons to the
approximately 700 complete eubacterial genomic sequences known resulted in the identification of  a
small but very intriguing group of pathogenic bacteria postulated to produce glidobacting-like
molecules.
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is secreted by  Pseudomonas syringae pv. syringae under in planta conditions and 
is one of the molecular determinants recognized by nonhost plant species. Spray 
application of syringolin A onto powdery mildew-infected wheat and Arabidopsis 
has the remarkable effect of reprogramming epidermal cells that are colonized by 
the powdery mildew fungi Blumeria graminis f. sp. tritici and Erysiphe 
cichoracearum, respectively, in a compatible interaction to undergo hypersensitive 
cell death. No hypersensitive cell death is observed if the compound is applied onto 
uninfected plants. Transcriptome analyses in wheat and Arabidopsis with regard to 
powdery mildew inoculation and/or syringolin A spraying lead to a hypothesis 
about how syringolin A may accomplish to induce the hypersensitive reaction (HR) 
in colonized cells. The model is supported by transcriptome analyis of an 
Arabidopsis mutant in which HR is not induced upon syringolin A spraying of 
powdery mildew-infected plants. Cloning of the syringolin A synthetase genes has 
allowed us to build a detailed model of syringolin A synthesis based on the gene 
structure. This model in turn enabled us to clone the genes responsible for the 
synthesis of glidobactins (syn. cepafungins), antibiotics with a structure related to 
syringolin A that were reported to have antitumor activity, from an unknown 
species belonging to the order Burkholderiales. Comparisons to the approximately 
700 complete eubacterial genomic sequences known resulted in the identification of  
a small but very intriguing group of pathogenic bacteria postulated to produce 
glidobacting-like molecules. 
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1. INTRODUCTION 
 
Syringolin A (Figure 1A) is the major variant of a family of structurally related small cyclic 
peptides that are secreted by many strains of the phytopathogenic bacterium Pseudomonas 
syringae pv. syringae in planta or when grown under conditions mimicking an in planta 
environment (Wäspi et al., 1998; Wäspi et al., 1999). Syringolin A has no toxic activity 
towards fungi and bacteria as far as tested (Wäspi et al., 1998). Syringolin A can act as an 
elicitor of acquired resistance in wheat against the powdery mildew pathogen Blumeria 
graminis f. sp. tritici and in rice against the blast fungus Pyricularia oryzae when sprayed 
onto leaves before inoculation (Wäspi et al., 1998). However, it also exhibits the remarkable 
property to trigger hypersensitive cell death at infection sites of powdery mildew-infected 
wheat leaves if sprayed two days after inoculation (Wäspi et al., 2001), i. e. syringolin A 
transforms a compatible interaction into an incompatible one.  Effective concentrations in 
spray applications range from 5 to 100 μM in an aqueous solutions containing 0.5% (v/v) of 
the non-ionic detergent Tween-20  (Wäspi et al., 2001). However, the response to syringolin 
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A as measured by gene induction in cultured rice cells, which do not have a cuticle, were 
shown to be elicited already in the nanomolar concentration range (Hassa et al., 2000). Killing 
the fungus in a compatible interaction with a fungicide (cyprodinil) does not induce 
hypersensitive cell death to a significant extent. Syringolin A treatment of uninfected plants 
does not induce hypersensitive cell death or any other visible phenotype at the concentrations 
given above, and pathogenesis-related genes, which are commonly activated by elicitors, are 
not activated by syringolin A on such plants. It was speculated that the mode of action of 
syringolin A may involve breaking of a suppression of the host's defense responses that the 
fungus exerts in a compatible interaction. This was suggested by the observation that some 
pathogenesis-related (PR) genes which are activated initially following inoculation of wheat 
with a compatible powdery mildew isolate but then are shut down in the course of the next 
few days in spite of the fact that the fungus continues to overgrow its host, were re-activated 
after syringolin A spraying (Wäspi et al., 2001). 
 The action of syringolin A on Arabidopsis plants infected with a compatible isolate of 
the powdery mildew fungus Golovinomyces (formerly Erysiphe) cichoracearum is very 
similar to the one observed in wheat (Michel et al., 2006). Spray application of a 20 μM 
syringolin A solution two days after infection led to the complete arrest of fungal growth at 
most infection sites. As in wheat, arrest of fungal growth was accompanied by 
autofluorescence at infection sites. Only in rare cases an infection site showed no 
autofluorescence and the fungus continued growth. Killing the powdery mildew fungus with 
the fungicide cyprodinil did not lead to autofluorescence at most infection sites (88%). 
Syringolin A application on uninfected Arabidopsis never caused a visible phenotype if 
concentrations below 40 μM were employed. Slight yellowing of leaves became visible at 
concentrations above 100 μM. Thus, similar to what was observed in wheat, syringolin A 
application can convert a compatible interaction with powdery mildew to an incompatible one 
also in Arabidopsis. 
 
 
2. RESULTS AND DISCUSSION 
 
2.1. Effects of syringolin A on the transcriptome of infected and uninfected wheat and 
Arabidopsis plants 
 
To monitor transcriptional changes in wheat, 307 cDNA clones representing 158 unigenes 
from powdery mildew infected, syringolin A sprayed wheat leaves were cloned by a 
suppression subtractive hybridization cloning procedure. These cDNAs were microarrayed 
onto glass slides together with 1088 cDNA-AFLP clones obtained from powdery mildew-
infected wheat (Bruggmann et al., 2005). Microarray hybridization experiments were 
performed with probes derived from leaves, epidermal tissue, and mesophyll preparations of 
mildewed or uninfected wheat plants 12 h and 24 h after syringolin A or control treatment. 
Normalized hybridization signals averaged over three repetitions were changed at least two-
fold (error probability p < 0.05) for cDNAs representing 100 different transcripts (Michel et 
al., 2006). The majority of these (95) accumulated after syringolin A treatment of uninfected 
plants on whole leaves. None of these were epidermis-specific. Surprisingly, all  transcripts 
accumulating in infected leaves after syringolin A treatment formed a subset of the latter set, 
i.e. none accumulated specifically only in infected plants. Two thirds of the corresponding 
genes fell into four  gene ontology (GO) biological and molecular function groups (Ashburner 
et al., 2000): 22 genes involved in carbohydrate metabolism , 11 genes encoding proteins 
involved in ubiquitin-dependent protein catabolism, 11 genes involved in the response to 
abiotic stimuli, and 19 genes with unknown function (Michel et al., 2006). 
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Similar hybridization experiments were also performed in triplicate in Arabidopsis using the 
Affymetrix ATH1 whole genome GeneChip. The results indicated a conserved mode of action 
of syringolin A as similar gene groups were transiently induced in Arabidopsis by syringolin 
A spraying. 2394 genes were at least two-fold induces (p < 0.05) after syringolin A spraying 
of uninfected plants, where transcript levels were lowered at least two-fold for 2873 genes 
(Michel et al., 2006). With a few exceptions, all 455 transcripts that accumulated in powdery 
mildew-infected plants after syringolin A spraying formed a subset of the ones accumulating 
in uninfected plants. The twelve exceptions were only weakly induced and seem not to be 
significant (Michel et al., 2006). Surprisingly, no transcript was identified whose level was 
significantly lowered in infected plants after syringolin A spraying. Prominent GO term 
groups include genes associated with the proteasomal degradation pathway, mitochondrial 
and other heat shock genes, genes involved in mitochondrial alternative electron pathways, 
and genes encoding glycolytic and fermentative enzymes. In summary, in both species no 
good candidate genes whose corresponding transcripts accumulated exclusively in infected 
plants after syringolin A spraying were identified. On the contrary, in both species the 
observed transcriptional response to syringolin A was considerably weaker in infected plants 
as compared to uninfected plants. These results led to the working hypothesis that cell death 
observed at infection sites may result from a parasite-induced suppression of the 
transcriptional response and thus to insufficient production of protective proteins necessary 
for the recovery of these cells from whatever insult is imposed by syringolin A (Michel et al., 
2006). Alternatively, syringolin A may eliminate fungal suppression of hypersensitive cell 
death. 
 
2.2. Biosynthesis, regulation, and mode of action of syringolin A 
 
As a first step to elucidate the biological function of syringolin A, we sought to clone the 
genes responsible for its synthesis. Syringolin A is a tripeptide that contains a twelve-
membered ring structure consisting of the unique non-proteinogenic amino acids 5-methyl-4-
amino-2-hexenoic acid and 3,4-dehydrolysine (Figure 1A). The latter is connected by a 
peptide bond to a valine which in turn is linked to a second valine residue via an unusual 
ureido group. The minor structural variants syringolin B - F differ from syringolin A by the 
substitution of the 3,4-dehydrolysine by lysine, or of one or the other valine by an isoleucine 
residue, and by combinations of these substitutions (Wäspi et al., 1999). The structure and 
abundance relations of the syringolin variants suggested that these peptides are synthesized by 
the same non-ribosomal peptide synthetase (NRPS) (Wäspi et al., 1998; Wäspi et al., 1999). 
Using a PCR approach with degenerate primers we succeeded to clone genes (sylA-sylE) 
encoding (at least part of) the syringolin synthetase (sylC,sylD), which consists of both NRPS 
and polyketide synthetase (PKS) modules (Figure 1B) (Amrein et al., 2004). SylA encodes a 
LuxR-type transcription factor  necessary for syringolin A synthesis, while sylB is 
hypothesized to play a role in a modification step and sylE encodes an exporter (Amrein et al., 
2004). Based on the gene structure we derived a syringolin A biosynthesis model (Figure 1C) 
that would account for the biosynthesis of the tripeptide without the ureido group and the 
valine attached to this group. The attachment of the latter two moieties is still enigmatic at 
present. Similar ureido groups joining two amino acids have been first found in a few cyclic 
peptides: in keramide A and konbamide (Kobayashi et al., 1991), cyclic peptides extracted 
from marine sponge species of the genus Theonella, but which likely are synthesized by 
bacteria associated with the sponges (Dudler and Eberl, 2006; Piel, 2004), in mozamamides A 
and B, also isolated from theonellide sponges (Schmidt et al., 1997), in ferintoic acids from 
the cyanobacterium Microcystis aeruginosa (Williams et al., 1996), and in anabaenopeptins 
from the cyanobacteria Anabaena flos-aquae and Oscillatoria agahdhii (Harada et al., 1995). 
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To our knowledge, the pathway of joining two amino acids via an ureido group is not known 
for any of these molecules. 
A sequence comparison of the relevant homologous regions in the completely sequenced 
genome of P. syringae pv. syringae strain B728a, which also contains a syringolin synthetase 
gene cluster of nearly identical nucleotide sequence, with the genome sequence of P. syringae 
pv. tomato DC3000, which does not produce syringolins, revealed that the syringolin 
synthetase genes form a cassette that is missing in the latter genome and that contains 
precisely the sylA-sylE gene cluster. 
The biosynthesis of syringolin A is dependent on the gacA/gacS two-component system 
(Reimmann et al., 1995; Wäspi et al., 1998) that also regulates syringomycin biosynthesis and 
pathogenicity (Hrabak and Willis, 1992). Furthermore, sylD has been shown  
 
Fig. 1. (A) Structure of syringolin A. (B) Schematic representation of the 
syringolin A synthetase gene cluster. SylA encodes a LuxR-type 
transcription factor, SylB a modifying enzyme thought to desaturate the 
lysine residue in syringolin A, SylC and SylD encode non-ribosomal peptide 
synthetase (NRPS) and polyketide synthetase (PKS) modules, and SylE 
encodes the putative syringolin exporter. (C) Biosynthesis model of the 
peptide part of syringolin A. C, condensation domain; A, activation domain; 
PCP, peptide carrier protein; KS, β-ketoacyl synthase domain; AT, acyl 
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transferase domain; DH,  dehydratase domain; KR, β-ketoreductase domain; 
ACP, acyl carrier protein; TE, thioesterase domain. 
 
 
to belong to the salA regulon (Lu et al., 2005). P. syringae pv. syringae B301D-R produces 
syringolins in liquid standing cultures in a defined medium (SRMAF) that was optimized for 
the production of syringomycin (Gross, 1985) and mimics in planta conditions. In rich media 
and in shaken SRMAF cultures no syringolin A is produced. We have identified promoter 
fragments that are necessary and sufficient for the transcription of the sylB and sylC genes 
using lacZ reporter gene constructs (unpublished). These experiments also suggest that the 
promoters of sylB and in particular of sylC decrease their activities (measured as specific 
activities of the reporter gene product β-galactosidase) in bacterial cultures at optical densities 
above 0.1 (550 nm). Strains carrying a sylA::lacZ reporter gene showed no β-galactosidase 
activity above background, suggesting that this gene is transcribed at low levels. The density 
dependence of syringolin A accumulation suggests that syringolin A biosynthesis may be 
negatively regulated by the quorum sensing system. 
Syringolins are molecular determinants of P. syringae pv. syringae recognized, or reacted to, 
by non-host plants like wheat and Arabidopsis. However, we believe it is likely that 
syringolins provide a selective advantage for the bacteria on host plants, i. e. that they are 
virulence factors. We have constructed mutants in the B301D-R strain each carrying an  
Fig. 2. (A) Structure of glidobactin A. (B) Schematic representation of the 
glidobactin A gene cluster of strain DSM 7029 and homologous gene 
clusters in the bacteria indicated. Gene names are indicated above the DSM 
7029 gene cluster representation, the names of homologous syringolin A 
synthetase genes of P. syringae pv. syringae are indicated below. TN 
denotes the site of transposon induced gene rearrangements in B. mallei. 
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insertion in one of the syl genes. The sylA, sylC, and sylD insertion mutants all did not 
produced detectable amounts of syringolin A. In addition, a sylC insertional knock-out mutant 
was constructed in strain B728a. B301D-R was isolated from a diseased pear fruit (Xu and 
Gross, 1988) and B728a from bean (Willis et al., 1990). Preliminary results of assays of 
syringolin-negative mutants and the wild-type strain indicate that the mutant causes less 
disease symptoms than the wild type, suggesting that syringolin A indeed is a virulence 
factor. 
 
  
2.3. Syringolin A-like molecules in other bacterial species 
 
The structure of syringolin A is closely related to a group of anti-tumor antibiotics termed 
glidobactins or cepafungins (Figure 2A; hereafter referred to as glidobactins) that have been 
isolated from the Gram-negative bacteria "Polyangium brachysporum" and Pseudomonas sp., 
respectively (Oka et al., 1988a; Oka et al., 1988b; Shoji et al., 1990). These compounds also 
contain a 12-membered ring consisting of 4-amino-2-pentenoic acid and 4-hydroxylysine that 
is linked to an L-threonine residue which in turn is acylated by different unsaturated fatty 
acids. The acyl group is important for the antifungal activity, as its removal was reported to 
eliminate toxicity to fungi (Oka et al., 1988d). This is consistent with the observation that 
syringolin A, which is not acylated, does not exhibit antifungal activity in vitro. The model 
for the biosynthesis of the tripeptide body of syringolin A (Figure 1C) can nicely account also 
for the peptide body of glidobactins if it is postulated that the first amino acid activated is a 
threonine (instead of valine as in syringolin A), the second a lysine, and the third an alanine 
(instead of a valine as in syringolin A). The latter would be condensed to a malonate by a 
PKS module, which would result in the unique 4-amino-2-pentenoic acid after the 
decarboxylation and reduction steps. Thus we hypothesized that the latter amino acid may be 
synthesized by the product of a sylD homolog in the glidobactin-producing bacterium "P. 
brachysporum". "P. brachysporum" has been deposited at the German Collection of 
Microorganisms and Cell Cultures (DSMZ; http://www.dsmz.de/) as accession DSM 7029. 
However, its taxonomic identification as "Polyangium brachysporum" is unjustified 
according to the DSMZ. We have determined the 16S RNA gene sequence of DSM 7029. The 
sequence places DSM 7029 into the family "Incertae sedis" of the order Burkholderiales (β-
proteobacteria). 
Sequence comparison of the P. syringae pv. syringae sylD gene with the nearly 700 available 
bacterial genome sequences revealed homologous genes in three taxa in addition to P. 
syringae pv. syringae: in all 10 currently sequenced strains of Burkholderia pseudomallei, the 
causal agent of melioidosis, in Burkholderia mallei, the causal agent of glanders, where it 
matches a disrupted non-functional gene in all 9 currently sequenced strains, and in 
Photorhabdus luminescens, an insect pathogen. The intact sylD homologs in B. pseudomallei  
and P. luminescens are flanked on the downstream side by  sylE homologs (efflux transporter 
gene), which in turn are flanked by sylC homologs (Figure 2B). Thus, the gene order is not 
the same as in the syl gene cluster, where  sylC is located upstream of sylD. We designed 
nested degenerate oligonucleotides from conserved signature sequences flanking the border 
between the second NRPS module and the PKS module of the sylD protein (Figure 1C) and 
its homologs, in the hope that this particular arrangement would be unique for the class of 
cyclic peptides containing a twelve-membered ring. We were successful to amplify an 
approximately 700 bp fragment by PCR using these primers with genomic DNA isolated from 
DSM 7029 as a template. This fragment was used to isolate the complete gene cluster from 
DSM 7029 (Figure 2B). Insertion mutants confirmed that this cluster encoded the glidobactin 
A synthetase (Schellenberg et al., 2007). This analysis suggests that B.  pseudomallei and P. 
luminescens are able to produce glidobactin-like compounds. The taxonomic occurrence of 
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gene clusters encoding syringolin/glidobactin-like molecules suggest that these genes were 
acquired horizontally.  
 
 
3. CONCLUSIONS 
 
Syringolin A belongs to the unique class of compounds containing a twelve-membered ring 
structure which have an intriguing distribution in nature as far as it is currently known. 
Elucidation of the biology and mode of action of this class not only increases knowledge 
about how a plant pathogen interacts with plants, but may also have implications for other 
pathogens such as B.  pseudomallei, the causing agent of melioidosis. Finally, knowledge of 
the gene architecture encoding synthetases for products of this class allows to predict their 
occurrence from genome and metagenome sequence data. 
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